Relations between fracture toughness and microstructural details have been calculated for ductile materials based on a dilatational plasticity constitutive model that has recently been proposed. The model generalizes the Gurson model to account for both void growth and coalescence with explicit dependence on void shape and distribution effects. Based on a small scale yielding formulation of crack growth, toughness trends are determined as a function of yield stress, strain-hardening, initial porosity, void shape and spacing as well as void spacing anisotropy. Distinctions are drawn between the engineering fracture toughness, which is typically associated with 0.2 mm of crack growth, and the theoretical toughness based on coalescence of the crack tip with the first void ahead of it. Comparison with one set of experimental data for a steel is made for which a fairly complete characterization of the microstructure is available.
Introduction
In the context of material science, the fracture toughness, at cracking initiation is usually taken as the relevant parameter for indexing the cracking resistance of materials. The J integral at cracking initiation, J Ic , is employed to characterize the toughness of ductile alloys that exhibit significant amount of crack tip plasticity. In general, J is mea-sured experimentally as a function of the crack extension giving the so-called 'J R -curve' of the material. The full J R -curve obtained on laboratory specimens provides three important quantities [1] : (1) the initiation toughness J Ic , defined in an engineering sense, i.e. at a predetermined amount of crack growth, or, if it can be detected, at the physical event of cracking initiation; (2) an average tearing resistance dJ / da; and (3) when sufficient crack growth is allowed and sufficiently large specimens are used, the steady state fracture toughness, J ss . Engineering analysis of structural integrity requires both initiation and crack growth data, at least for the early stages of the J R -curve. The emphasis in this paper is on the material science view of toughness by focusing on the crack initiation toughness of ductile metal alloys. The failure mechanism is void growth and coalescence, and the effort here is to relate fracture toughness to details of the microstructure such as void volume fraction, void shape and void distribution. Fig. 1 depicts the model envisioned for addressing the cracking in ductile metal failing by the void growth mechanism. The initial geometry is a precrack of opening d 0 in an idealized material having regularly distributed voids with initial spacing X 0 and radius R 0 in the crack plane. The crack is long, and small scale yielding is assumed to apply. The material is elastic-plastic characterized by the ratio of the normalized yield stress, s 0 /E, Poisson's ratio, n, and a strain-hardening exponent n. The dimensionless geometrical microstructural parameters are c 0 ϭ X 0 / R 0 , W 0 ϭ R z0 / R 0 , and c 0 ϭ Z 0 / X 0 . The initial void porosity f 0 can be expressed in terms of these last three variables.
In general, the problem of Fig. 1 requires a full numerical analysis of crack tip blunting coupled to a fracture process zone model. There are three main types of analyses that have been proposed in the literature to predict fracture toughness based on the model of Fig. 1 .
ț Finite element calculations are performed with the voids explicitly modeled by a refined FE mesh [2] [3] [4] [5] [6] [7] [8] [9] . These analyses accurately model the growth and coalescence process while properly accounting for the length scale introduced by the void spacing. This approach still requires a criterion for the final failure of the intervoid ligament in order to simulate crack propagation (e.g. by modeling shear localization within the ligament due to a second population of smaller voids). This approach is computationally intensive and is able to account for only a few voids ahead of the crack tip. ț An alternative approach, which has been pursued mainly by groups in France, Germany, the UK and the US [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , employs a constitutive model, such as the Gurson model, that accounts for the damaging effect of voids. The constitutive model is implemented in a finite element code to simulate the initiation and growth of the crack. The approach requires the introduction of a length scale in the model related to the spacing between voids. This is usually accomplished by tying the element size to the void spacing, calibrated to crack growth resistance data. ț A third type of analysis makes use of cohesive zone surfaces to model the fracture process in ductile metals [22] [23] [24] [25] . This approach is limited to materials whose void volume fraction is sufficiently large such that the fracture process involves multiple voids growing and coalescing on a plane ahead of the tip. A characteristic length is introduced since the cohesive properties involve the work of separation and the cohesive stress.
The second and third approaches have been applied with considerable success to analyze fracture integrity of structural components under large scale yielding conditions. Three dimensional (3D) aspects of crack initiation and growth have also been simulated [18, 21, 25] . The success of this approach is underpinned by the requirement that the microstructural parameters (the void volume fraction, void spacing, etc.) must be set such that the model reproduces experimental crack data for specific specimens. Once calibrated, these approaches have accurately accounted for a wide range of constraint effects. Thus, the methods have been used to study crack initiation and growth for specific materials, but they have not been used as a tool for material sciences to explore trends in toughness as dependent on microstructural parameters. This is the objective of the present paper.
In this paper we use the small-scale yielding, plane strain model of Fig. 1 to compute trends in fracture toughness. Three new aspects are introduced in the constitutive model that have not been considered in previous modeling efforts devoted to linking fracture toughness to the microstructure [23, [26] [27] [28] :
ț Non-spherical voids ranging from penny-shape cracks to highly prolate voids, that are common in industrial metal alloys have been accounted for. These shapes result from the metal forming process during which globular second phases experience severe deformations. Generally, forming processes also bring about a preferential orientation for the principal axis of the second phases and induce some degree of anisotropy in the void distribution. Furthermore, initially spherical void tends to become prolate at low stress triaxiality and oblate at high stress triaxiality. ț A physical void coalescence mechanisms will be used for modeling the coalescence between voids and between the first void and the crack. ț One of the most important ingredients of the void coalescence model is the relative spacing between the voids. Its role will thus be studied.
The inclusion of the three points discussed before is made possible by a recent extension of Gurson's model [29] of plastic solids containing voids to include shape, coalescence and distribution effects [30] based on contributions by Gologanu et al. [31] and Thomason [32] .
The plan of the paper is as follows. An outline of the constitutive relation and the finite element computational model is presented in Section 2. This is followed in Section 3 by a critical assessment of the model based on comparisons with recent results obtained for a detailed calculation that provides a high resolution of both the crack tip and the voids. Section 4 synthesizes the main results of the study revealing the dependence on the influential microstructural parameters in the form
The effect of the initial porosity, shape and relative spacing on the toughness will be discussed. Section 4 will also incorporate results dealing with the difference between the engineering toughness defined after a predetermined amount of crack growth and the physical toughness at the 'true' cracking initiation. The model captures the variations of the fracture toughness as a function of the orientation of the crack plane relative to a distribution of voids. The model will be applied in Section 5 to analyze the results obtained by Bauvineau [33] on a rolled steel as an illustration of this orientation dependence and a preliminary experimental assessment. The paper ends with suggestions for future investigation.
Void growth model and computational methods

An enhanced model for void growth and coalescence
The extended Gurson model used in this paper, to account for the effect of the growth and coalescence of voids on the behavior of the material has been presented in details in Ref. [30] . It is based on the works by Gologanu et al. [31] for the account of the void aspect ratio and by Thomason [32] for the onset of coalescence with extensions to strain-hardening and for the modeling of the coalescence process [34] . A summary of the structure of the model is given in Appendix A. The model is based on two different solutions for the expansion of a void in an elastoplastic material: one solution is called 'void growth' corresponding to diffuse plasticity around the void, and the other is called 'void coalescence' corresponding to localized plasticity in the intervoid ligament. These two solutions can be presented in the form of two distinct plastic yield surfaces supplemented by evolution laws for the internal variables of the model (the porosity f, the void aspect ratio W, the relative void spacing, c and the mean yield stress of the matrix material s y ) and the normality rule for the plastic strain increment. These two yield surfaces are
(see Appendix A for the definition of the parameters entering these formulas). The first yield surface ⌽ growth is a Gurson-type yield surface derived by Gologanu-Leblond-Devaux model and extended to strain-hardening materials in Ref. [30] (see Appendix A). The yield function ⌽ coalescence has been developed in the spirit of the work by Thomason, extended to the full coalescence response and to strain-hardening. The following uniaxial response has been chosen for this study:
Fig . 2 illustrates the competition between the two modes of plastic deformation. The yield surfaces and loading history correspond to a high constraint situation (a constant stress triaxiality of 3) relevant to a material element in front of a crack tip. The material is characterized by s 0 / E ϭ 0.002, n ϭ 0.1, f 0 ϭ 0.01, W 0 ϭ 1 and l 0 ϭ 1. Fig. 2a corresponds to elastic loading: the stress state lies within the elastic domain of the two yield surfaces. As shown in Fig. 2b , the first yield surface to be reached is ⌽ growth . In the beginning of the deformation, the voids are small and the spacing is relatively large resulting in a diffuse plastic deformation. With increasing deformation ⌽ growth first tends to expand due to hardening and then to contract due to void growth softening. Void growth and ligament reduction also induces a contraction of ⌽ coalescence . Fig. 2c corresponds to an overall strain just before the onset of coalescence and Fig.  2d to an overall strain just after the onset of coalescence. When the two yield surfaces intersect at the current loading point, the transition to coalescence occurs. With increasing deformation, the coalescence yield surface tends to contract very rapidly towards the zero stress state. Fig. 2e shows the two yield surfaces far into the coalescence stage.
For almost all loading histories of interest, coalescence when initiated will continue until complete failure. In some instances, when abrupt changes of loading direction occur, it may happen that the system returns to a void growth mode of deformation. This case is not allowed in the current implementation of the model (see next subsection). The unlikely event wherein coalescence is interrupted with the resumption of diffuse void growth is not expected for the present work on mode I cracking. The stresses at a material point may evolve non-proportionaly, but they will not undergo abrupt changes in loading direction. Note that finally, as it stands, the model does not account for other mechanisms that might intervene to produce the final rupture of the ligament, such as local cleavage or localization due to a second population of smaller voids. This point will also be addressed in Section 3.
Plane strain, small scale yielding
The constitutive model described in the previous section and in Appendix A has been implemented in the general purpose finite element code 'ABAQUS Standard' through a User defined MATerial subroutine (UMAT) [35] with a fully implicit integration scheme based on a classical return mapping algorithm [36] . The set of 10 first order differential equations involved in the void growth model are solved using the Newton-Raphson algorithm. The Aravas scheme [37] has been applied for the integration of the coalescence model permitting a significant reduction in the size of the system of differential equations to be solved at each integration station during the return to the yield surface.
A small scale yielding formulation of the crack problem has been adopted. As indicated earlier, the objective is the prediction of the relationship between fracture toughness and the microstructure in metal alloys. An infinite cracked solid is modeled using a semi-circular finite element mesh whose radius R is 10 7 times larger than the size of the representative element size in the fracture process region (Fig. 3) . A large radius is necessary to ensure small scale yielding in the calculations performed on high toughness materials with low porosity and high strain-hardening such that the plastic zone size remains smaller than about 1% of R. Displacement increments corresponding to the mode I plane strain K-field were prescribed on the outer boundary while the crack surface is traction free. A regular mesh with constant element size suitable for modeling of crack advances was designed in the region in front of the crack tip. A finite strain set-up is used. The crack tip is a round notch of diameter d 0 . In this paper, results will presented only for d 0 / X 0 ϭ 0.1 (i.e. a very sharp initial crack characteristic of a fatigue precrack.) To contain the computational time, only a few rows of elements ahead of the tip were modeled with damage. The rest were modeled using J 2 flow theory. 
The fracture length scale
As is evident from (1), the void spacing, X 0 , is the length scale setting the fracture toughness. The constitutive law derived from the potentials (2) and (3) can be regarded either as an average over many voids or as the relation governing a single void in a material element. Indeed, the original derivation of Gurson was based on a single void in a spherical element. In the latter view, which is adopted here, the size of the finite elements is directly related to void spacing in the portion of the mesh that experiences void growth and coalescence, i.e. in the fracture process zone. This is the approach that has been adopted in most ductile fracture simulations based on the Gurson model or its derivatives. As mentioned in the Section 1, a critical step in the calibration process of such models to experimental data involves the adjustment of X 0 . In all cases here, the elements in the fracture process zone are taken to be square and of dimension X 0 . Thus, normalization of the toughness by the only length scale X 0 obviously leads to results that are independent of the degree of mesh refinement.
Assessment of the model
In a recent work, Tvergaard and Hutchinson [9] carry out plane strain, small-scale yielding computations of mode I fracture initiation and tearing in a J 2 elastic-plastic solid containing a single row of cylindrical voids. Deformation around the voids was fully resolved using the mesh as shown in Fig.  4 . A fracture criterion is postulated for the final failure of the ligaments between voids, as otherwise calculations would have to be interrupted because of severe mesh distortion. All force carried by a ligament is terminated when its width is reduced to the reduction factor, R, times the initial ligament length. Typically, R was chosen as 1/2 or 1/3. The study in Ref. [9] offers an opportunity to critically assess the model proposed in this paper. For that purpose, the failure criterion based on the reduction of ligament length was also implemented in our model. Identical parameters to those in Ref. [9] for the flow properties and initial microstructure have been used: s 0 / E ϭ 0.003, n ϭ 0.1, W 0 ϭ 1 and l 0 ϭ 1. Fig. 5 compares the results for R ϭ 1 / 2 and 1/3. The variations of J Ic / s 0 X 0 as a function of f 0 for the two models are very similar. The predictions of the present model are slightly above those of Ref. [9] . Some discrepancy of course arises from the approximation inherent in the present approach. In addition, some discrepancy is also expected from the fact that the voids in the present model are 3D and initially spherical, while those in the more refined simulation are two-dimensional (2D) and initially circular cylindrical. Under otherwise similar situations, spherical voids undergo delayed coalescence relative to cylindrical voids [38] . In any case, the close correspondence between the two sets of results lends confidence in the present model.
The good agreement between the two models also means that the present model correctly captures the transition of failure mode described in Ref. [9] : at sufficiently high porosity, the void near the tip is influenced by its nearest neighbor, which experiences almost the same rate of growth. The interaction among the voids, including voids even farther from the tip, results in significantly higher rate of void growth for all of the voids. Coalescence between several voids and with the crack starts early, almost simultaneously. This is the multiple void interaction mechanism. For sufficiently small void volume fraction, a single void process prevails, which is essentially the process envisioned by the Rice-Johnson [26] model. The void near the tip grows with little influence from its nearest neighbor further from the tip. The increase of the normalized toughness with decreasing porosity is more marked in this regime. This is the void by void growth mechanism. In order to more quantitatively detect the change of failure mode, Fig. 6 displays the variation of the size of the fracture process zone at initiation as a function of the initial porosity. The size of the fracture process zone is given by the number of elements which are within the coalescence stage. The transition takes place between f 0 ϭ 10 Ϫ3 and 10 Ϫ2 , depending on the value of R chosen for the final failure process. For materials with significant crack growth resistance, the fracture process zone length increases as the crack advances with consequence that materials exhibiting void by void growth at initiation may transition to the multiple void interaction mechanism as growth proceeds. Thus, the transition from one mechanism to another effectively takes place at a somewhat lower porosity than Fig. 6 would suggest.
Two sets of results have also been plotted in elements throughout the entire material. Otherwise, the parameters of the two cases are identical. There is little difference between two sets of results, although the fully voided material is predicted to be slightly tougher than that with a single row of voids. In each case, growth and coalescence is confined to the plane of voids ahead of the tip. In the fully voided material, voids on both sides of the fracture plane tend to relax the stresses on the voids on the fracture plane, thereby delaying their growth and localization. Note that the difference between a material containing a single row of voids and a fully voided material becomes much more important during crack advance: the model then predicts tearing moduli that are significantly different. Fig. 5 also shows results for R ϭ 0, i.e. failure by reducing the ligament width to 0 by ductile stretching. The effect of R is important, and the appropriate choice of R is material dependent. For instance, in most steels, a second population of smaller voids or shear localization (in case of zigzag cracking in some very high strength alloys [39] ) lead to premature ligament failure; then values of R equal or larger than 1/3 may be realistic. However, in other materials, such as copper [40] voids grow until final impingement with the crack. For the remaining of the paper, all results presented will be computed with R ϭ 0. The results will thus, provide an upper bound for the toughness of materials having some degree of ligament embrittlement. Finally, it is interesting to note that average stretching strain in the first crack tip element is between 0.1 and 0.2 at failure, when R ϭ 1 / 2 and between 0.5 and 1 when R ϭ 0.05. Experimental data on HSLA steels [41] , show, from local strain measurement, strains of about 0.5-0.75 in front of the crack tip at cracking initiation. More observations of this kind would be valuable in helping predictive micromechanical models for ductile fracture.
Fracture toughness trends
In addition to initial porosity and void spacing, that have been discussed before, this section will explore the effect on toughness of normalized yield Fig. 7 . Effect of the ratio s 0 /E on the fracture toughness for different initial porosity. stress, s 0 /E, strain-hardening, n, void aspect ratio, W 0 , and void spacing distribution as measured by l 0 . The section ends with a discussion of the role of crack growth resistance on the definition of fracture toughness. Fig. 7 shows the effect of the ratio s 0 /E on J Ic / s 0 X 0 for n ϭ 0.1. As expected from previous results [9] , fracture toughness scales linearly with s 0 , but is otherwise essentially independent of s 0 /E. Fig. 8 exhibits the effect of the strain-hardening index, n, on the fracture toughness for a material with s 0 / E ϭ 0.003, n ϭ 0.3, W 0 ϭ 1, and l 0 ϭ 1. Strain hardening has a major influence on fracture toughness.
Dependence on flow properties
The fact that the fracture toughness is linearly Fig. 8 . Effect of the strain-hardening exponent n on the fracture toughness for different initial porosity.
proportional to the yield stress (Fig. 7) seems to contradict much experimental evidences showing that the toughness (J Ic ) of a family of alloys usually decreases with increasing yield stress (s 0 ). Several points are relevant to this apparent contradiction. First, in many alloys, an increase of s 0 by metallurgical intervention is usually accompanied by a decrease of the strain-hardening index n that has the opposite effect on the toughness. For instance, these countervailing trends occur in precipitation hardening of aluminum alloys, where the precipitate do not, in general, take part to the failure process. An example can be found in a recent study by Dumont et al. [42, 43] on the fracture toughness of 7000 Al alloys: an under-aged Al7040 characterized by s 0 ϭ 385MPa, nϷ0.2 is compared to the over-aged alloy characterized by s 0 ϭ 460MPa nϷ0.1 Both materials primarily fail by a ductile void growth mechanism (which is not true for the peak-aged alloy showing intergranular fracture). Secondly, the present model does not incorporate a void or microcrack nucleation criterion. In many instances, an increasing yield strength will affect the nucleation stage by raising the stress on the second phase particles or grain-boundaries. A larger yield stress may also favor nucleation on smaller particles or on a second population of particles at an earlier stage of the deformation.
However, if all other parameters, including strain-hardening, can be kept constant, higher yield stress directly implies higher fracture toughness. A good illustrative example is given by the decrease with increasing temperature of the fracture toughness of ferritic steel in the upper shelf region. For the typical temperature range covered when measuring a ductile-brittle fracture transition curve, no modification of microstructure or hardening is expected. The only effect is a decrease of yield stress with increasing temperature. Fig. 9 presents the variation of J Ic / s 0 X 0 as a function of f 0 for different initial void shapes ranging from W 0 ϭ 1 / 10 (highly oblate) to W 0 ϭ 10 (highly prolate), for s 0 / E ϭ 0.001, n ϭ 0.1, and l 0 ϭ 1. The effect of the initial void shape is in accord with intuition. At a given porosity, prolate voids have a smaller area fraction projected onto the fracture plane than spheres and conversely for oblate shapes. Thus, prolate shapes increase J Ic / s 0 X 0 while oblate shapes reduce it relative to spherical voids at the same volume fraction. Prolateness tends to delay void coalescence by affecting the constraint in the ligament between the voids. Moreover, prolate voids imply a larger void spacing for a given porosity. The right end of each curve for the prolate voids in Fig. 9 corresponds to the limit porosity at which the void touches the upper and lower boundaries of the cell. For oblate voids, the limiting porosity where J Ic / s 0 X 0 ϭ 0 corresponds to contact of the void with the lateral sides of the cell, reducing the strength of the material to 0 in the direction perpendicular to the fracture plane. These two limiting porosity values are readily found to be: 
Dependence on void aspect ratio
The results of Fig. 9 can be used to guide understanding of, as well as to predict the variation of, the fracture toughness as a function of the loading direction for rolled plates with preferential orientation of the second phase. An application to a material with anisotropic fracture toughness is discussed in Section 5. Clearly, void shape has a significant effect on fracture toughness. It is one of the main reasons for fracture anisotropy in ductile failure. similar distribution of weakly bonded inclusions (typically with a lower than 2) is not uncommon in industrial alloys as a result of the forming process. The question to be addressed in this section is: What is the difference in fracture toughness of the two specimens resulting from this anisotropic void distribution?
Dependence on relative void spacing
As the initial porosity is the same in both Specimens A and B, the results of the last sections could be applied if it were assumed that a change in the anisotropy of void spacing, l 0 ϭ Z 0 / X 0 , does not, to the first order, affect J Ic / s 0 X 0 . Then, the difference in the two specimens is fully accounted for by the fact that X It is important to note that the void growth model (Appendix A) does not incorporate any effect of void spacing anisotropy, l, in accord with void cell computations which showed very little effect of l as long as it lies in the range 1/2 to 2. Therefore, the effect of l on J Ic / s 0 X 0 is due to the effect of the void spacing anisotropy on the coalescence mechanism. Another reason for the marked effect at high porosity comes from the definition of the void spacing X 0 as the distance from void center to void center. At some point, Fig. 11 . Effect of the anisotropic void spacing on the ratio of toughness corresponding to two crack planes oriented at 90°to one another.
voids will touch each other in Specimen B for increasing porosity leading to zero toughness.
When the voids are non-spherical, void shape and void spacing effects are coupled. Two cases can be noted:
ț Case 1. The forming process usually elongates the second phases and increases the spacing in the same direction. Thus, Specimen B with l B 0 Ͼ 1 would be expected to have voids with an initial prolate shape with respect to the loading direction. While Specimen A would have voids whose initial shape in the crack plane would be elliptical with greater cross-sectional area than the sphere with the same volume. Therefore, compared to the predictions based on initially spherical voids, Specimen B would have higher toughness and Specimen A would have lower toughness. The toughness ratio, J A Ic / J B Ic ϭ a. could be either greater or smaller than unity depending on the tradeoff between the roles of spacing and initial void shape. ț Case 2. Specimen B with l B 0 Ͼ 1 and with oblate void shapes relative to the loading direction. In this case, both the spacing and the initial void shape conspire to reduce the toughness for Specimen B relative to that of Specimen A.
Due to the complicated coupling between void aspect ratio and spacing effects, it is difficult to give general trends. Calculations based on an enhanced void growth model are essential. These combined effects probably explain why various degrees of fracture toughness anisotropy are observed in industrial alloys. To make meaningful predictions for a given material, it is essential to perform an in depth characterization of its microstructure. The purpose of Section 5 is to illustrate this point as well as to assess the present analysis for a specific set of experimental data.
Physical versus engineering fracture toughness
The engineering measurement of J Ic adopts the convention that initiation is associated with typically 0.2 mm of crack growth, corresponding to multiple void spacings for materials with closely spaced voids. The distinction between the 'first coalescence' estimate of initiation toughness invoked in the present paper and J Ic defined on the basis of 0.2 mm crack advance is illustrated in Fig.  12 in the case of two materials characterized by two different initial porosity, f 0 ϭ 10 Ϫ3 and f 0 ϭ 10
Ϫ4
. For a material exhibiting a void spacing of about 0.2 mm, the engineering and physical toughness will not be much different as, on average, the initiation will involve a void located at 0.2 mm from the crack tip. However, if the void spacing is much smaller, for instance 0.02 mm as shown on Fig. 12 , then the discrepancy between the physical initiation and engineering definition will be important, especially for low initial porosity. The difference between the two definitions is usually not an issue for structural integrity assessment since that is based on a full R-curve analysis, not just crack initiation. However, the difference can be important when comparing the toughness of different materials. The difference between the two definitions helps explaining results in the literature where the engineering fracture toughness appears abnormally large relative to what would be expected from (1) for materials with small void spacing X 0 . For instance, in a remarkable set of experiments on the fracture toughness of high strength steels, Garrison and coworkers [44, 45] report several examples of inclusion spacings between 1 and 10 µm (s 0 / EϷ0.001 and f 0 Ϸ10 Ϫ4 ). Based on an engineering criterion, these materials exhibit critical crack tip opening displacements that range from 1 to 2 orders of magnitude larger than expected on the basis of the first coalescence criterion in Fig. 5 (i. e. J Ic / s 0 X 0 ϭ 10 to 100). The distinction between the two criteria highlights the arbitrariness of the concept of initiation toughness and importance of the R-curve, especially for very tough materials with high tearing resistance combined with small void spacings.
Application to the fracture toughness anisotropy of steel
The results described in Section 4 can be used to analyze the anisotropy in fracture toughness observed in materials with a preferred orientation of non-spherical second phases as well as second phase distributions with unequal spacings. As discussed in the last section, void shape and void distribution effects tend to be coupled in a way that depends significantly on the porosity. Well-defined toughness experiments can only be assessed by the model when reasonably detailed microstructural information is available. Some experimental investigations that report the necessary microstructural information are available in the literature, e.g. Refs. [10, 11, 21, 27, 33, 40, [46] [47] [48] [49] [50] [51] [52] [53] [54] , but they are relatively scarce.
Bauvineau [33] conducted an investigation of the ductile fracture of rolled C-Mn steel, measuring the following fracture toughness for the directions 'SL' and 'TL': J SL Ic Ϸ50kJ / m 2 and J TL Ic Ϸ100kJ / m 2 using the J R curve method based on 0.2 mm of crack growth. Here, L is the longitudinal direction, T is the transverse direction and S is the short transverse direction. SL means that the crack is in a plane orthogonal to the S direction and propagates in the L direction, while TL means that the crack is in a plane orthogonal to the T direction, propagating in the L direction.
Bauvineau also performed a detailed metallographic analysis of the inclusion population, which was primarily MnS inclusions. The second phase volume fraction was found equal to 0.0025. This volume fraction can be considered as the initial void volume fraction, f 0 , because void nucleation at the particles occurs readily. The inclusions are flat and elongated, presenting a preferential orientation due to the rolling process and display an ellipsoidal shape with mean diameters equal to 28, 15, and 3 µm in the L, T and S directions, respectively. For the purpose of applying our axisymmetric model to this material, the voids must be approximated by spheroids, i.e. ellipsoids with a circular projection in the equatorial plane. The effective diameter in the equatorial plane is chosen such that it gives the same projected area. The effective representative cell for the material strained in the S direction contains an oblate spheroid with effective diameters in the L and T directions 2R 0 ϭ 2.5µm and 2R z0 ϭ 3µm respectively, i.e. W 0 Ϸ1 / 7. The representative cell for the TL tests is a more crude approximation of reality. The voids are approximated by prolate spheroid with an effective diameter 2R 0 ϭ 9.2µm while 2R z0 ϭ 15µm, i.e. W 0 Ϸ3 / 2. To fully characterize the void cells, one needs a value for the void spacing in the L direction and a value for l 0 . In both SL and TL tests, the crack propagates in the L direction. Bauvineau has provided detailed measurements of the inclusion distribution using Voronoi cells and Delaunay triangulation methods. The mean void spacing between nearest neighbors in the L direction is equal to about 100 µm. (It is not obvious that the mean spacing is the most pertinent void spacing measure for present purposes; the average distance between nearest neighbors is another possibility.) The distance in the two other directions T and S are smaller than 100 µm and not the same [53] . As it is difficult to have a reliable estimate of these two values, we have chosen, for simplicity to take l 0 Ϸ1. This last assumption is reasonable in this case because the crack propagates in the L direction for both specimens and the respective spacings perpendicular to the plane of the crack are not very different.
The uniaxial flow properties are given by s 0 ϭ 290MPa and n ϭ 0.25. Plastic anisotropy is not significant. Table 1 summarizes the parameters characterizing the material when loaded in the SL and TL orientation and the predicted toughness. The f 0 is the initial porosity, W 0 the initial void shape, X 0 is the void spacing and l 0 is the initial void distribution parameter), measured and predicted fracture toughness for a C-Mn steel in the SL and TL directions. The steel is also characterized by s 0 ϭ 290MPa and n ϭ 0.25 with negligible plastic anisotropy. difference in toughness between the two directions of propagation is well captured, and predicted and experimental are in reasonable agreement given the uncertainty in identifying the void spacing.
Conclusions
Small scale yielding finite element simulations of 2D crack growth in ductile materials represented by an enhanced void growth and coalescence model have been performed to elucidate the relation between fracture toughness, microstructure and flow properties. The main findings of the paper are: ț A distinct transition from a multiple void coalescence mechanism of crack growth to a void by void mechanism depending on initial porosity is confirmed [9] . ț Proper modeling of void coalescence and accounting for the final rupture of the intervoid ligament is necessary to correctly capture the effect of microstructure changes on the fracture toughness. More experimental and theoretical work is required to better account for damage phenomena leading to final ligament fracture, such as the growth of a second population of voids [55] or microcleavage. ț The fracture toughness (normalized by the yield stress and void spacing) significantly decreases with decreasing hardening exponent. At least in some circumstances, this effect can explain why materials show lower toughness when their yield stress is elevated. If the strain-hardening remained unaltered, the toughness should increase. However, an increase in yield stress is frequently accompanied by a decrease in hardening, such that the net effect is a lowering of toughness. ț Void shape effects can justify the change of the fracture toughness with the orientation of loading axis and crack plane without invoking any plastic flow anisotropy. ț An anisotropic distribution of voids also significantly affects fracture toughness. This effect has received relatively little attention. ț The arbitrariness of the concept of initiation toughness and the importance of the R-curve, especially for very tough materials with high tearing resistance and small particle spacings has been highlighted. A single measure of fracture toughness for materials having low void spacing and exhibiting high tearing resistance is not likely to provide good index for comparing different materials.
Although the model used in the present paper is quite sophisticated, nevertheless, it does not rest on a truly realistic description of the microstructure of industrial metal alloys. Such alloys usually involve: (i) inhomogeneous void distribution (second phase clustering); (ii) a second population of voids; (iii) microscale gradients of properties (e.g. different phases, grain boundaries); (iv) competition with other failure modes [56] . Void nucleation may also significantly impact the trends described in this report, although it has been shown that the resistance to void nucleation should be high in order to affect the fracture toughness [14, 15] . Considering all these complexities, it is reasonable to expect that the fracture toughness will continue to remain a phenomenological parameter to be determined experimentally. Trends such as those presented here serve mainly as a guide to ways in which fracture toughness can be improved via alterations in microstructure.
